The ant community living in leaf litter was assessed in 65 forest sites in the Brazilian Atlantic rainforest in the southern region of the state of Bahia, Brazil. In addition, we aimed to understand the patterns between taxonomic and functional diversities using two different resolutions of classification of ants into functional groups. We identified 364 ant species belonging to 68 genera in 10 subfamilies in 65 regions. Considering a more general functional classification, we identified a total of 13 functional ant groups, and 26 functional ant groups considering a more specific functional classification. The Atlantic Forest environments studied presented great taxonomic ant diversity. We observed that ant species richness and the number of functional groups are not closely related metrics, especially when considering a more general functional classification. Moreover, even when considering a more specific functional classification, the relationship with ant richness is only moderate. These results suggest that the number of species in a given group does not necessarily reflect the role played by that group within the environment. Integrating different biodiversity perspectives is crucial for the successful conservation of the Atlantic Forest ants.
Introduction
Efforts to understand the implications of changes in biodiversity on ecosystems has shown that variations in both species and functional diversity can lead to changes in environmental mechanisms, since several ecological processes are influenced by the number and nature of species of a given location (Tilman, 2001) . A better understanding of the patterns of changes in biodiversity and their functional consequences may allow a more accurate prediction of responses, as well as the conservation of environmental processes (Brown and Heske, 1990; Larsen et al., 2005) . The monitoring of biodiversity considering its functional aspects allows for complementary traditional diversity indicators, such as species richness, diversity indices, and abundance (Moretti et al., 2009; Gerish et al., 2011) , since it allows researchers to evaluate the real effect of the species on ecosystem functioning (Tilman, 2001) independently of taxonomic determinations (Cummins, 1974) .
The Brazilian Atlantic Forest is one of the 35 biodiversity hotspots on the earth (Myers et al., 2000) , which correspond to regions with high rates of biodiversity and endemism highly threatened by human activities (Myers et al., 2000; Zachos and Habel, 2011) . This biome originally covered an area of 1,315,460 km 2 , corresponding to about 15% of Brazil. Currently, it is estimated that only 8% to 12% of the original extension of the biome remains (Ribeiro et al., 2009; Fundação SOS Mata Atlântica, 2010 , available online at http://www.sosma.org.br), disseminated in a range of small fragments of very irregular sizes and shapes (generally less than 50 ha) with a low rate of connectivity (Ribeiro et al., 2009 (Ribeiro et al., , 2011 . Nevertheless, this environment still represents the second largest tropical moist forest in the world (Ribeiro et al., 2011) .
Most conservation research has focused on providing data on vertebrates; for most invertebrate groups, even basic information is scarce, especially in tropical environments (Fisher and Robertson, 2002) . Among the priorities for studies of invertebrate conservation are extensive geographical sampling using common protocols, and studies focused on taxa and groups of recognized functional importance in ecosystems (Lewinsohn et al., 2005) . Although insects are the dominant animal group in terms of abundance and diversity in most terrestrial ecosystems (Wilson, 1992) , they are often neglected in conservation planning (Schuldt et al., 2009; McGeoch et al., 2011) .
Ants represent an important, abundant, and diverse component in tropical forests (Kaspari, 1996 (Kaspari, , 2000 Delabie et al., 2000; del Toro et al., 2012) , as well as in most diverse terrestrial ecosystems (Hölldobler and Wilson, 1990; Underwood and Fisher, 2006) . The litter that lies on the floor of tropical forests-a complex of leaves, branches, rotten material, and other biotic and mineral components (Kaspari and Weiser, 1999) -is a microhabitat that plays a fundamental role in the diversity and survival of many ant species (Kaspari, 1996; Theunis et al., 2005) . The ants present in this environment-leaf-litter ants-display one of the highest levels of morphological, ecological, and taxonomic diversity among ants Schmidt et al., 2013; Silva and Brandão, 2014) , and soil fauna is considered to be one of the new frontiers in biodiversity studies (Wilson, 1987; Agosti and Alonso, 2000; Delabie et al., 2015a) .
The present study investigated the taxonomic and functional diversity of leaf-litter ants of the Brazilian Atlantic Forest biome in the state of Bahia. Due to the relatively small surface (only 130 × 50 km) in which the 65 localities of forest were intensively sampled for their leaf-litter ants, this study probably represents one of the most important efforts made to date to assess ant diversity in a single tropical region. Specifically, we addressed the following questions: (1) What is the taxonomic and functional diversity of leaf-litter ants for the region studied?
(2) Do ant assemblages that present greater taxonomic diversity also possess a corresponding functional diversity?
(3) Is the number of functional groups a good predictor for ant richness? (4) Do the patterns found between taxonomic and functional diversity differ according to the level of functional classification used?
Materials and methods

Study area
The ant fauna of the forest litter was intensively sampled between the years 1996 and 2002 in 65 sites of the Brazilian Atlantic rainforest (Atlantic Forest) (hereafter designated as "FS" for forest sites), covering 26 municipalities in the southern region of the state of Bahia, Brazil (Table 1; Figure 1 ). Our sites are within a representative area of the Central Corridor of the Atlantic Forest (Fonseca et al., 2004) , reaching an area of approximately 180 × 70 km.
The Atlantic Forest covers mostly low to medium elevation areas (<1000 m a.s.l.) along the eastern Brazilian coastline, presenting hot and humid climate type AF (Köppen, 1936) , with annual temperatures ranging between 20 and 25 °C (IBGE, 2010 , available online at http://www.ibge. gov.br), without having a true dry season (Oliveira-Filho and Fontes, 2000) .
Ant sampling design
We used an adaptation of the ALL protocol , commonly used in studies in the Atlantic Forest (Campiolo and Delabie, 2000) . At each site, we established a transect of approximately 2500 m for the ant survey, starting at least 100 m from the forest edge. At each transect we marked 50 points set at 50-m intervals; at each point, 1 m 2 of leaf litter was collected. In total, 50 leaf litter samples were collected at each site, and mini-Winkler apparatuses were used to extract the ant fauna (Bestelmeyer et al., 2000) . Since 50 samples of 1 m 2 of leaf litter were taken in each of the 65 localities distributed over 6500 km 2 , our collection effort represents a total of 3250 m 2 of forest leaf litter studied for their ants. The resulting biological material was fixed in alcohol and further screened at the laboratory. The ants were separated from other arthropods, mounted, and identified at the Myrmecology Laboratory of the Cocoa Research Center based on a reference collection of Formicidae of the Atlantic Forest and through a query of the literature (Bolton, 2018, available online at http://www.antcat.org/ catalog) and a specific dichotomous key.
Ant functional groups classifications
Several studies carried out in different environments have used different classifications of functional groups for ants. There are some "classical" classifications (e.g., Andersen, 1995; Delabie et al., 2000; Silva and Brandão, 2010) , which are commonly used; in some cases, adaptations of these classifications for specific cases or subgroups were also used (e.g., Delabie et al., 2000; Silva et al., 2015) .
In recent years, a considerable amount of new information about ant biology has been published. However, such information has not yet been included in the functional group classification currently used. We believe that this classification should be constantly updated using this information. A second possibility is that it should at least be checked to determine if this information changes the interpretation we have of the functional groups where these species were included.
Partly due to this new knowledge, we have also observed that the various groupings on which the functional groups are established are completely heterogeneous according to the scope of specialization. For example, the functional group "omnivorous generalists of the soil" is constituted a priori by many species that have a very similar ecological role, characterizing a large functional redundancy, and which are capable of replacing each other without any significant impact on the community. In turn, the functional group "specialized soil predator" may include several species of very distinct behavior, each specializing in the predation of one or a few groups of organisms; none of these species is a priori capable of replacing another to assume its ecological role; there are cases of null functional redundancy. The local extinction of one of these particular species will have a drastic impact on the community at least. It is this asymmetry and the suggestiveness in the treatment of the criteria used to classify the functional groups that we are questioning, considering that the criteria distinguishing a functional group must be based on the permutation capacity of its components. We used 2 classifications of ant functional groups (FGs) in this study. First, we classified the ants (functional classification A = FC-A) according to the traditional scheme used for Neotropical ants Silvestre et al., 2003; Silva and Brandão, 2010; Brandão et al., 2012; Silva et al., 2015) . This FG scheme is based on natural history information, phylogeny, microhabitat distribution, eye size, body size, and body shape; species are grouped according to their potentially similar biology and lifestyles. The leaf-litter ants found in the forest localities are classified as follows: army-ants (AA); arboreous omnivore (AO); dacetine predator (DP); exclusive homopteran dependent (EHD); fungus-grower (FG); large/medium-sized arboreous generalist predator (LAP); large/medium-sized epigeic omnivore (LEO); large epigeic generalist predator (LEP); medium-sized litter/ hypogeic omnivore (MLO); medium-sized litter/hypogeic generalist predator (MLP); small epigeic/litter/hypogeic omnivore (SO); small epigeic/litter/hypogeic generalist predator (SLP); soil specialized forager/predator (SSP).
In the second classification used (functional classification B = FC-B), we used more specific aspects and current information available about the biology of the different species (especially for the large number of species previously classified/grouped as "fungus-growers" and "soil specialized forager/predators"; see, in addition to the studies already mentioned, Schultz and Brady, 2008; Mehdiabadi and Schultz, 2010; AntWiki, 2018 , available online at http://www.antwiki.org/wiki; AntWeb, 2018, available online at http://www.antweb.org). Thus, in this classification, in addition to the FC-A, the ant species were classified as arboreous/soil omnivore (ASO); coral fungus agriculture (FGCA); fungus generalized higher agriculture (FGHA); fungus leaf cutter agriculture (FGLA); fungus lower agriculture (FLA); fungus yeast agriculture (FYA); large/medium-sized arboreous/soil generalist predator (LASP); large epigeic generalist predator and seed disperser (LEPP); soil specialized predator of other ants (SSA); soil specialized predator of arthropod eggs, mainly spiders (SSAE); soil specialized chilopod predator (SSC); soil specialized isopod forager/predator (SSI); soil specialized millipede predator (SSM); soil specialized predator of small, soft-bodied arthropods (SSSA); soil specialized termite predator (SST); soil specialized forager/predator of a variety of arthropods (more than 1 group) (SSVA). The ant species belonging to functional groups that normally do not occur in soil, or which do not forage and/or nest predominantly in the soil, were grouped into the same functional group: tourist species (TO). These species, which should not be expected with the sampling methods used (Winkler), are considered here as "tourists" according to the expression used by Belshaw and Bolton (1993) .
Statistical analysis
We compared the ant species richness with the number of functional ant groups for the two classifications used. For this, the number of ant species per site was compared to the number of FC-A and FC-B per site by linear regression. Residual analyses were used to check the error distribution and the suitability of the regression models. We illustrate the relationship of correspondence between the variables of number of species and functional groups, plotting these as a function of the localities from the lowest to the greatest species richness of ants; for this, we used the function "doubleYScale" of the package "latticeExtra". This type of graph allows for plotting two variables at different scales in the same graph. These analyses were run in the R environment for statistical computing, v. 3.5.0 (R Development Core Team, 2018). We calculated expected ant species richness (Chao 1 and jackknife 2 estimators) using 500 randomizations and evaluated differences in sampling efficiency by comparison of species accumulation curves using EstimateS v. 9.1 (Colwell, 2013) .
Results
Taxonomic ant diversity
We recorded a total of 364 ant species in the 65 localities. These ants belong to 68 genera in 10 subfamilies: Myrmicinae (57.0%), Ponerinae (15.0%), Formicinae (11.5%), Ectatomminae (5.5%), Dolichoderinae (3.8%), Pseudomyrmecinae (3.3%), Dorylinae (1.6%), Amblyoponinae (1.4%), Heteroponerinae (0.6%), and Proceratiinae (0.3%) (Appendix 1). The total number of subfamilies per locality ranges from 5 to 9. The number of genera per locality varies from 27 to 39. The genera that were sampled in all 65 locations and recorded in a larger number of samples of 1 m 2 of litter were as follows: Pheidole (4204 records; several species of the same genus were found in a single sample, each of which represents 1 record), Solenopsis (3306), Strumigenys (3208), Hypoponera (2293), Nylanderia (1392), Crematogaster (1173), Odontomachus (1041), and Cyphomyrmex (943 samples). Three genera were recorded in a single locality: Cryptopone, Dorymyrmex, and Eurhopalothrix (Appendix 1).
The total ant richness varied from 51 to 102 between localities (Appendix 2). We recorded 81 singletons (a single record of a given species) and 39 doubletons (2 records of a given species). According to the Chao 1 estimator, the sampling sufficiency was 81% (estimated richness = 449 ± 25.07). According to the jackknife 2 estimator, the sampling sufficiency was 74.7% (estimated richness = 487). Considering all data, the accumulation curve continued growing without reaching a plateau, despite the number of localities sampled. However, this pattern is completely different when singletons and doubletons are plotted separately from other species. The accumulation curve for ant species without singletons and doubletons reached a plateau and could thus be considered representative of the characteristic faunal segment of the stratum of the biome where they have been sampled. On the other hand, the curve made from the singletons and doubletons is almost straight and is exclusively dependent on collector effort ( Figure 2) .
Pheidole had the greatest number of species (23.2% of the total) among all 68 sampled genera. Other genera that also presented a large number of species were Strumigenys (6.8%), Hypoponera (5.8%), Gnamptogenys (Table 2) .
Functional ant diversity
We recorded a total of 13 ant FGs considering FC-A and 26 ant FGs considering FC-B. The number of FC-A ranged from 10 (in 5 FSs) to 13 (Appendix 2). The majority of localities presented 11 FGs (44.6%). The FGs registered in a minor number of localities were AA, LAP, and EHD, occurring respectively in 17, 36, and 49 FSs. Among the other FGs, 10 were recorded in all 65 localities studied (Appendix 2A). Table 2 . List of ants according to their functional group classification and the number of localities where they were found in the Brazilian Atlantic Forest biome (maximum = 65). Functional groups: AA = army-ants; AO = arboreous omnivore; ASO = arboreous/soil omnivore; DP = dacetine predator; EHD = exclusive homopteran dependent; FG = fungus-grower; LAP = large/medium-sized arboreous generalist predator; LASP = large/ medium-sized arboreous/soil generalist predator; LEO = large/medium-sized epigeic omnivore; LEP = large epigeic generalist predator; MLO = medium-sized litter/hypogeic omnivore; MLP = medium-sized litter/hypogeic generalist predator; SO = small epigeic/litter/hypogeic omnivore; SLP = small epigeic/litter/hypogeic generalist predator; SSP = soil specialized forager/predator; FGCA = coral fungus agriculture; FGHA = fungus generalized higher agriculture; FGLA = fungus leaf cutter agriculture; FLA = fungus lower agriculture; FYA = fungus yeast agriculture; LASP = large/medium-sized arboreous/soil generalist predator; LEPP = large epigeic generalist predator and seed dispersers; SSA = soil specialized predators of other ants; SSAE = soil specialized predators of arthropod eggs; SSC = soil specialized chilopod predator; SSI = soil specialized isopoda forager/predator; SSM = soil specialized millipede predator; SSSA = soil specialized predator of small, soft-bodied arthropods; SST = soil specialized termite predator; SSVA soil specialized forager/predator of a variety of arthropods; TO = tourist species. For FC-B, the number of FGs ranged from 14 to 22 (values found, respectively, in 1 and 2 localities). The majority of localities presented 17 FGs (27.7%). The FGs registered in a minor number of localities were LEPP, FGLA, SSI, SST, AA, and SSC, occurring respectively in 2, 8, 11, 14, 17, and 18 localities. Among the other FGs, 9 were recorded in all 65 localities studied (Appendix 2B).
Relationship between taxonomic and functional ant diversity
There was no significant relationship between species richness and FC-A (R 2 = 0.048, P = 0.0807; Figure 3) ; however, we found a significant relationship between species richness and FC-B (R 2 = 0.349, P < 0.001; Figure 3) . When comparing the relationship between the number of species and that of FGs, it was observed that the variables did not present any pattern when considering the FC-A and presented a low matching pattern when considering the FC-B (Appendix 2).
Discussion
In a previous study, Silva and Brandão (2014) found 530 species of ants using Winkler traps in the largest series of ant species found in a single study in 26 localities along 3400 km of the Atlantic rainforest biome and a gradient of up to 20° latitude. For the state of Bahia, Santos et al. (2017) performed one of the largest inventories of soil ants (using both pitfall and Winkler traps) in a single state of Brazil, recording 391 species of ants in 11 distinct Atlantic rainforest landscapes along approximately 1000 km. In the present study, despite a smaller geographic coverage, we sampled a larger number of Atlantic Forest sites than previous studies, finding a representative number of ants (364 species), which represents not only part of the diversity already recorded in the studies of Silva and Brandão (2014) and Santos et al. (2017) , but also many ant species not recorded in those two studies.
In general, the Atlantic Forest environments studied presented great taxonomic ant diversity. These results confirm that the Brazilian Atlantic Forest is one of the tropical biomes that present the highest ant diversity (Silva and Brandão, 2014; Santos et al., 2017 ). An apparently insufficient sampling effort (considering all species), despite the large number of localities and samples, is a common situation found in studies of biodiversity all over the tropics (Leponce et al., 2004; Feitosa and Ribeiro, 2005; Delabie et al., 2007; Freitas et al., 2014; Santos et al., 2017) , since many rare or tourist species continue to be encountered for the first time even after intense sampling efforts (Santos, 2003; Leponce et al., 2010) . The influence of these species on the overall richness estimation is evident when the accumulation curves of Figure 2 are compared.
As in most ant samples in the whole Neotropical region (Kempf, 1972; Delabie et al., 2000; Leponce et al., 2004; Groc et al., 2014; Silva and Brandão, 2014; Santos et al., 2017) , Myrmicinae was the subfamily that presented the largest number of species (more than 50% of recorded species). The representative number of species of the subfamily Ponerinae is possibly related to the amount of resources available in the forest leaf litter. Ants of this subfamily are known to be predators and frequently have cryptic and active foraging behavior (Delabie et al., 2015b) . The subfamilies Heteroponerinae and Proceratiinae (both with less than 1% representation) are rarely found in any forest environment of the Neotropical region. The single representative of the subfamily Proceratiinae in the present study, Discothyrea sexarticulata Borgmeier, 1954, is extremely small and known to be a cryptobiotic inhabitant of the forest litter and specialist predator of spider eggs Solsa-Calvo and Longino, 2008) . The two species representing the subfamily Heteroponerinae, Heteroponera angulata Borgmeier, 1959 and Heteroponera mayri Kempf, 1962 , also present specialized habits and are related to soil environments . This genus is known to have nesting habits in trunks and fallen branches (Lattke, 2003) , with still-unknown food habits (Weiser and Kaspari, 2006) .
The variations in ant richness among the different localities studied here are probably the result of a set of environmental and structural factors of the different sites sampled. The natural dynamics of the litter can also affect the heterogeneity of this stratum (Queiroz et al., 2013) , influencing the offerings of colonization sites and a variety of food resources (Campos et al., 2007) . Several studies have shown that the litter quality strongly affects food resources, availability of nesting sites, and microclimatic conditions, and thus the structure of ant assemblages (Levings and Windsor, 1984; Benson and Harada, 1988; Kaspari, 1996; Campos et al., 2003) .
It is worth mentioning that we recorded a large number of singletons or doubletons (33.8%). A single specimen or record may suggest a rare species, such as a generalist species occasionally feeding in the locality, or a specialist occurring only in a single forest site. Such high proportions of unique species are consistent with other biodiversity studies of arthropods in tropical regions (Coddington et al., 2009) , and with other ant studies undertaken in the Atlantic Forest (Pacheco et al., 2009; Freitas et al., 2014; Santos et al., 2017) . For FC-B, we classified a number of these species as "tourists" according to Belshaw and Bolton (1993) . The number of species in this group reflects the great variety of nesting and foraging strategies in Formicidae, along with reflecting numerous opportunistic species in the studied localities. Few studies have sought to understand what these species are doing in the litter; their activity in this stratum could be seasonal, for example (see Delabie et al., 2000) . It seems important to investigate how these species can affect the organization of litter ant assemblages.
The variation in the number of FGs (as was also observed for ant richness) found among forest localities when considering a more specific classification (FC-B) confirms that each habitat holds a particular assemblage of ants with different resource requirements and optimal environmental conditions. Variation in habitat complexity greatly affects the abundance of resources as well as microclimatic and abiotic conditions for ants (Groc et al., 2014) .
This range of functions performed by different species is observed even among species within the same genus. An example of this assumption is the genus Neoponera, which possesses 10 species recorded in the studied localities, these being distributed in 4 different functional groups. In addition, the differences observed between FC-A and FC-B suggest the importance of considering intrinsic aspects of the biology of the different genera and species of ants. The species of the genera Cerapachys, Cryptopone, Discothyrea, Fulakora, Leptogenys, Octostruma, Prionopelta, Stegomyrmex, Thaumatomyrmex, Tranopelta, and Typhlomyrmex, all classified as soil specialized foragers/predators, for example, were subdivided into 8 different functional groups when a more specific functional classification was considered (see Table 2 ). The occurrence of these genera varied considerably in the 65 FSs studied. Octostruma stenognatha Brown & Kempf, 1960 , Prionopelta antillana Forel, 1909 , Octostruma rugifera (Mayr, 1887 , and Octostruma iheringi (Emery, 1888) were frequently sampled in the FSs studied (occurring in >70%), while the occurrence of other species ranged from 1 to 32 FSs. The importance of ants to the functioning of the ecosystem (Folgarait, 1998; Del Toro et al., 2012) makes them highly suitable indicator taxa. Therefore, it is reasonable that the functional aspects involving the biology of different species or subgroups within this group are better explored. According to Alonso (2010) , conservation efforts of ant species should be concentrated on single species (a common approach to vertebrate conservation), depending on their specific conservation needs, their local rarity, or their ecological role. We believe that this could be an interesting alternative particularly useful for the groups of specialist species, which prior to this study were generally grouped as "specialist predator species". This approach should also be used for the functional groups of leafcutting ants and other specialized functional groups.
The inconsistent patterns between species richness and the number of ant FGs demonstrate the importance of considering both taxonomic and functional diversity together. Ants are one of the most diverse, abundant, and ecologically relevant groups of organisms on earth (Hölldobler and Wilson, 1990; Alonso, 2010) , supporting a range of ecological functions in terrestrial environments (Folgarait, 1998; Underwood and Fisher, 2006; del Toro et al., 2012) . In tropical forests, the ecosystem services assigned to ants are generally related to their trophic position or feeding behavior (Philpott and Armbrecht, 2006; Leal et al., 2012) , usually linked to their morphology (Gibb et al., 2015) .
The conservation of biodiversity is essential for maintaining stable ecosystem services (Tilman et al., 1996) . With the global loss of biodiversity that today's world is undergoing (Kolbert, 2014) , the decrease in species richness may rapidly result in decreased ecosystem functioning levels (Hooper et al., 2005) and stability (Tilman et al., 2006) . However, this effect depends on changes in community composition and ecosystem functions involved, i.e. the nature of species that are lost (Fournier et al., 2017) . In addition to taxonomic diversity, the additional information provided by other facets of biodiversity, such as phylogenetic and functional diversity, is often neglected in ecosystem management, although it is fundamental to understand, predict, and manage changes in the functions and properties of the ecosystem (Fournier et al., 2017) . For leaf-litter ants, Silva and Brandão (2014) demonstrated that greater accuracy in predicting biodiversity patterns can be achieved by combining different components of the ant community structure instead of using traditional variables.
In conclusion, our study demonstrates that the Brazilian Atlantic Forest localities that present great taxonomic diversity do not necessarily also correspond to great functional diversity. Our results show that the number of functional groups is not always a good predictor of species richness. However, the relationship between the two metrics we compared here differs according to the level of functional classification used. In a larger sense, our findings suggest that the contrast in the use of taxonomic or functional diversity has more nuanced outcomes about the Atlantic Forest ant communities than has been previously considered. Our findings also highlight the value of biodiversity inventory studies that explicitly incorporate potentially important functional aspects of the species and in the analyses that integrate such data. Integrating different biodiversity perspectives is crucial for the successful conservation of the Brazilian Atlantic Forest ants. Delabie JHC, DaRocha WD, Marques TED, Mariano CSF (2015) .
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